Introduction
Various gas injection techniques have been used in the real refining processes. The formation of a plume eye on the surface of the bath containing slag affects the performance of the refining processes significantly. [1] [2] [3] [4] [5] [6] Many numerical investigations have been carried out for predicting the fluid flow phenomena in the bath. [7] [8] [9] [10] However, most of them are concerned with steady flows in the lower molten metal layer. Numerical investigations on the transient flows and the deformations of the free surface and the slag-metal interface in the transient period after the start of gas injection are limited. 11) This is because the flow in the bath is complicated gas-liquid-liquid three-phase flow.
The authors are also interested in the formation of a plume eye on the bath surface of the refining processes agitated by bottom gas injection and the fluid flows in the molten metal and slag layers. As a first step, investigations were experimentally and numerically carried out in this study on the deformation of the free surface and that of the silicone oil-water interface in a cylindrical vessel suddenly set in rotation. The water and silicone oil were used as models for molten metal and slag, respectively. The main objective is to develop a reliable mathematical model for the deformations of the free surface and the interface. Three mathematical models were used for the prediction of the deformations. [12] [13] [14] [15] On the other hand, concerning the development of novel refining processes, rapid mixing of molten metal and slag and the following rapid separation of them are required. A suddenly rotating cylindrical vessel containing molten metal and slag seems a powerful tool for this purpose. [16] [17] [18] [19] More rapid mixing and subsequent separation would be achieved using a baffled vessel. 19) The results obtained in this study therefore would also be useful for predicting the transient phenomena in a promising novel refining process using abrupt vessel rotation. Figure 1 shows a schematic of the experimental apparatus. The cylindrical test vessel made of transparent acrylic resin had an outer diameter, D o , of 200 mm, an inner diameter, D i , of 192.7 mm, and a height of 400 mm. 20, 21) The ves- Experimental and numerical investigations were carried out on the transient behaviors of stratified two liquid layers contained in a cylindrical vessel suddenly set in rotation. Particular attention was paid to the deformation of the free surface and that of the interface between the two liquid layers. This flow field is a primary model for the formation of a plume eye on the surface of a bottom blown bath covered with a top slag layer. The numerical result could satisfactorily predict the time-dependent contours of the free surface and the interface. This mathematical model is also useful for the prediction of the interfacial area between molten metal and slag in a promising novel refining process using a suddenly rotating cylindrical vessel.
Experiment

Experimental apparatus
KEY WORDS: rotating flow; transient flow; cylindrical vessel; slag; flow establishment time. sel was enclosed with another vessel of a square cross-section. Tap water was filled between the two vessels to decrease the distortion effect as much as possible. The tap water was continuously replaced by fresh one to keep the cleanliness there. De-ionized water was filled in the cylindrical test vessel to a depth, H W , of 250 mm, and one of silicone oils of three different kinematic viscosities was placed on the water layer. The thickness of the silicone oil layer, H S , was 10 mm, 20 mm, and 30 mm. The kinematic viscosity, n S , and the density, r S , of the three kinds of silicone oils were n S ϭ10 mm 2 /s and r S ϭ0.935 g/cm 3 , n S ϭ30 mm 2 /s and r S ϭ0.955 g/cm 3 , and n S ϭ100 mm 2 /s and r S ϭ0.965 g/cm 3 , respectively, as listed in Table 1 . The test vessel was suddenly rotated with a motor at a rotation frequency of 40 rpm.
Experimental Procedure
The positions of the free surface and the interface between the two liquid layers were measured with a laser displacement sensor, a still camera and a video camera. The output signal of the video camera was recorded on a personal computer. The laser displacement sensor was traversed in the radial direction at equal intervals of 10 mm. Figure 2 shows the relation between the height, h, of the interface between the two liquid layers on the centerline of the bath and the output voltage of the displacement sensor. The height, h, denotes the distance from the initial position of the interface. A linear relationship can be seen between them.
Concerning the visual observations, the free surface and the interface between the two liquid layers were illuminated by a light sheet generated with a halogen lamp. An example of the video image of the bath is shown in Fig. 3 . The positions of the bath surface and the interface were determined from such images.
Numerical Analysis
Governing Equations
The flow in the bath was assumed to be symmetrical with respect to the vessel axis. The governing equations are the equation of continuity and the equations of motion expressed in the cylindrical coordinates for incompressible Newtonian fluids. Numerical calculations were carried out using a commercial software, FLUENT. 14, 15) In this rotating flow field turbulence is generated in the Ekman boundary layer 22) developing on the bottom wall of the vessel on the initial stage of rotation. The turbulence is conveyed in the whole bath and then dissipates through the effect of viscosity. Also, the centrifugal force is likely to suppress the amplification of the turbulence. It is difficult to preliminary judge the nature of the flow in the whole bath. The following three types of analyses therefore were performed. /s) Silicone oil layer: laminar flow (n S ϭ10, 30, 100 mm 2 /s) The governing equations for laminar flow will be expressed in the following. The subscripts w and s denoting the water and silicone oil, respectively, will be omitted for where x, r, q are the axial, radial, and tangential coordinates, respectively, u, v, w are the velocity components in the three directions, F x and F r are the external forces, r is the density of liquid, p is the pressure, and m is the dynamic viscosity. The coordinate system is shown in Fig. 4 . The origin was placed on the center of the top of the vessel. The governing equations for turbulent flow and the RSM turbulence model should be referred to FLUENT users' manual. 14, 15, 23) Preliminary analysis revealed that the k-e turbulence model is less suitable for the prediction of the present flow fluid than the RSM model. The same governing equations as those used for the laminar flow analysis were also used for the transitional flow analysis. In the lower water layer the apparent kinematic viscosity, n W,app (ϭm W, app /r W ), was assumed to be constant, say 2.8 mm 2 /s, by referring to the previous papers for flows of single-phase liquid contained in a cylindrical vessel suddenly set in rotation. 20, 21) 
VOF Model
The shape reconstruction scheme in the VOF model was used for the prediction of the deformations of the free surface of the bath and the interface between the two liquid layers. Further details of this scheme are given elsewhere. 14, 15) 
Boundary Conditions
No slip condition was applied on the wall of the vessel. The standard wall function proposed by Launder and Spalding 13) was applied in the close vicinity of the wall. Figure 5 compares the contours of the interface measured with the laser displacement sensor with those determined from the video images. Good agreement can be seen between the two results. The difference was within Ϯ5 mm. The still camera and video camera were mainly used for the time-dependent contours of the free surface and interface between the silicone oil and water layers, while the laser displacement sensor was mainly used for the time-dependent position of the interface. Figure 6 schematically shows the contours of the free surface and the interface in the transient period. As the kinematic viscosity of the silicone oil is much greater than that of water, the momentum is transferred from the side wall to the silicone oil faster than to the water. As a result, the silicone oil becomes to move earlier than the water, and, hence, the centrifugal force acts more strongly on the silicone oil. The silicone oil therefore moves outward to the side wall of the vessel. On the contrary, the water is forced to move inward on the initial stage in the transient period. The momentum is fully transferred from the side wall to the water as time elapses. The water becomes to move outward because the density of the water is larger than that of the silicone oil and the centrifugal force acts more strongly on the water. After a sufficient lapse of time a steady state is established in the bath. This transient process is very similar to that observed in a cylindrical vessel covered with the top wall. [16] [17] [18] [19] The time-dependent contours of the free surface and the interface between the silicone oil and water layers obtained with the still camera are shown in Figs. 7 and 8 . The deformations of the free surface and the interface are similar to those schematically illustrated in Fig. 6 . 30 mm, n S ϭ100 mm 2 /s, tϭ100 s, and rϭ0 mm in Figs. 8 and 9 are somewhat different with each other. This is because different measurement methods were used. Such a difference is however acceptable under the experimental conditions considered. The results can be summarized as follows:
Results and Discussion
Contours of Free Surface and Interface in the Transient Period
(1) The height of the interface on the centerline of the bath, h, was an increasing function of the kinematic viscosity of the top oil layer, n S . The period for h to approach its final value, hereafter called the flow establishment time, 24) T S , was hardly dependent on n S . This is because the volume of water is much greater than that of silicone oil and the kinematic viscosity is much lower in the water layer than in the top silicone oil layer. The flow establishment time therefore was mainly controlled by the behavior of the water layer under this condition.
(2) The height, h, increased with an increase in the thickness of the top oil layer, H S . The flow establishment time, T S , is also independent of H S . It should be noted that there are two ways of determining the flow establishment time. One is based on the history of the height, h, just as mentioned here. The other is based on the tangential velocity component in the water layer. The two methods give the same results provided that the criteria for the determination of T S are properly chosen. 24) Further discussion on the latter determination method of T S will be given later in detail.
Comparison of Numerically and Experimentally
Obtained Contours of the Free Surface and Interface Figure 11 shows the contours of the free surface and the interface between the two liquid layers for fϭ40 rpm, n S ϭ100 m 2 /s and H S ϭ30 mm. Representative two instants were chosen: tϭ100 s and 300 s. The laminar flow model is most accurate to predict the contours of the free surface and the interface on the initial stage in the transient period (tϭ100 s). This situation is caused because the turbulence generated in the Ekman boundary layer developing on the bottom wall is not conveyed in the whole bath until tϭ100 s. As time elapses, the transitional flow model becomes to predict the contours of the free surface and the interface more accurately than the others. It is evident that on the final stage in the transient period (tϭ300 s), the transitional flow model can predict them most accurately. The measured values of the height of the interface on the centerline of the bath, h, are compared with the calculated results based on the three flow models in Fig. 12 . The same conclusions as derived from Fig. 11 for the adequacy of the three flow models can be obtained from Fig. 12. 
Flow Establishment Time
The flow establishment time, T S , was defined as a period from the start of rotation to the moment at which the tangential velocity component, w, of water flow reaches its final steady state value. 20) In the present flow field, T S was evaluated on the centerline of the vessel at xϭ(125ϩH S ) mm based on the well-accepted 95 % criterion. in a suddenly rotating cylindrical vessel having the top wall and the free surface. 19) The results are shown in Fig. 14 (12) where V W and V S are the volumes of water and silicone oil, respectively, and S W and S S are the wetted areas.
The numerical results obtained by assuming the laminar flow and transitional flow satisfactorily agreed with Eq. (6). The transitional flow analysis was found to most accurately predict the flow establishment time, T S , also for fϭ20 rpm and 80 rpm. Considering these circumstances, the transitional flow model is, on the whole, most adequate under the present conditions.
The rotation Reynolds number, Re, is defined as follows:
ReϭR(w/n W ) Under the present conditions the Reynolds number ranged from 139 to 279. According to the previous study, 20) the flow of Reϭ139-279 falls in the transitional flow regime. This fact supports the adequacy of the transitional flow model.
Conclusions
A silicone oil layer was placed on a water layer contained in a cylindrical vessel. The vessel was suddenly set in rotation to observe the deformation of the free surface and that of the interface between the two liquid layers in the transient period. Numerical analyses were carried out to predict the flow in the two liquid layers and the deformations based on the laminar, transitional, and turbulent flow models. The results can be summarized as follows:
(1) The deformations of the free surface and the interface became significant as the kinematic viscosity of silicone oil, n S , and the thickness of the silicone oil layer, H S , increased.
(2) The laminar flow model coupled with the VOF model was adequate to predict the deformations on the initial stage in the transient period. The transitional flow model using an apparent kinematic viscosity and the VOF model could most satisfactorily predict the deformations on the middle and final stages in the transient period. On the whole, the transitional flow model was found to be most useful for evaluating the deformations of the free surface and the interface between the two liquid layers.
(3) The flow establishment time, T S , was hardly dependent on n S and H S under the experimental and numerical conditions considered.
(4) The flow establishment time, T S , was also satisfactorily predicted by the transitional flow model. An empirical equation that previously proposed for T m for stratified two liquid layers contained in a suddenly rotating vessel having the top wall and no free surface could predict the presently determined flow establishment time. 
